Abstract Haemonchosis is a common problem on goat farms in tropical countries such as Malaysia. Prevention of production losses generally depends on the use of anthelmintic drugs, but is threatened by the emergence of anthelmintic resistance. This study investigates anthelmintic efficacy on small-scale Malaysian goat farms and describes putative risk factors. Adult goats had moderate to high pre-treatment faecal trichostrongyle egg counts, despite being housed on slatted floors and fed on cut-and-carry forage, raising questions about the source of nematode infection. Our results show multiple resistance to benzimidazole and macrocyclic lactone anthelmintic drugs and allow us to discuss the genetic origins of resistance with reference to farm husbandry and management. We conclude that improvement in Malaysian goat production efficiency will require the development of sustainable helminth control strategies, underpinned by a better understanding of the origins and population genetics of anthelmintic resistance.
Introduction
More efficient domestic production of food is essential in the fight against hunger and unemployment in rural areas, in accordance with the Food and Agriculture Organisation of the United Nations' vision of a fairer, more prosperous, peaceful and sustainable world in which no one is left behind (FAO publication a-i4997e.pdf undated). Goats are well adapted in their ability to convert potentially poor quality herbage into food products when kept in different environments, hence goat farming can be an important source of income for many in developing countries (Devendra 2010) , including smallholder farmers and the landless in the hot and humid tropical Malaysian conditions. Despite a focus on small ruminant farming in Malaysia, meat production from the sector is only sufficient to meet about 15% of the country's growing population's changing requirements (Department of Statistics, Malaysia 2013), highlighting the economic potential for efficient commercial smallholder and larger-scale goat farming.
Many factors contribute to the low level of goat productivity in developing countries, primarily involving inadequate or inefficient disease, feeding and husbandry management (Devendra 2010) . The prevalence of gastrointestinal nematode parasites, in particular Haemonchus contortus, is high in humid tropical and subtropical regions (Besier et al. 2016) , including Malaysia (Chandrawathani et al. 1999) , causing severe disease and production loss (Sani et al. 2004) , and incurring massive annual treatment costs (Waller and Chandrawathani 2005) . Globally, helminth control is heavily reliant on the use of anthelmintic drugs, and the situation in Malaysia is no different in this regard. Macrocyclic lactone and multiple anthelmintic resistance was first confirmed in H. contortus on an institutional sheep farm in Malaysia in the 1990s , providing the first recorded evidence of the problem in Asia. Further evidence was provided for multiple resistance to benzimidazole, levamisole, closantel and ivermectin drugs on Malaysian government farms (Chandrawathani et al. 1999 (Chandrawathani et al. , 2003 , raising concern for the sustainability of economic goat production on those farms, and about the risk of distribution of pathogenic and multiple resistant parasites together with animals to commercial small holder farms (Waller and Chandrawathani 2005) . Multiple anthelminthic resistance is now suspected to be widespread among goat farms in Malaysia, although there have been few subsequent reports of drug efficacy studies (Basripuzi et al. 2012; Chandrawathani et al. 2013) . Nevertheless, these highlight poor understanding of the risk factors for anthelmintic resistance in the context of local goat production systems, and the need to instigate sustainable nematode control programmes.
This study investigates anthelmintic efficacy on two commercial Malaysian goat farms with reference to consideration of the origins of anthelmintic resistance and discussion of putative management risk factors.
Materials and methods

Study sites
Two goat farms were used for the study, one in the state of Selangor (farm 1), and the other in the state of Negeri Sembilan (farm 2). Both farms are small scale with less than 100 animals each, and are managed intensively. At the time of the study, the animals were kept in raised wooden sheds, fed on a cut-and-carry system, and not allowed to graze. Management and herd details including feeding, basic animal husbandry and anthelminthic usage were collected from an interview with the herdsmen, and are summarised in Table 1 .
Parasitology
Faecal egg count reduction tests were undertaken to describe anthelmintic drug efficacy. No anthelmintic treatments were given to goats on both farms for at least 8 weeks prior to the study. Twenty-nine and 14 adult breeding goats of both sexes were initially included on farm 1 and farm 2, respectively. Animals which had recently given birth, or were heavily in kid, were excluded from sampling in order to avoid unnecessary stress during a sensitive period.
The goats were weighed (farm 1), or their weights estimated from their length and girth measurements (farm 2). At the same time, they were scored for body condition (Russel 1984) and for anaemia based on the FAMACHA© scale (van Wyk et al. 1998) . Faecal samples were collected per rectum and trichostrongyle worm egg counts (FECs) were performed on individual samples using a modified McMaster method with a sensitivity of 50 epg.
Twenty-four and 14 animals on farm 1 and farm 2, respectively, with pre-treatment FECs > 250 eggs per gram (epg) were allocated to treatment groups using stratified random sampling, with strata representing various levels of worm burdens to ensure that all groups had similar average pretreatment epg values. Four treatment groups (control, imidazothiazole, benzimidazole and avermectin) of six animal s each and three treat ment groups (control, imidazothiazole and benzimidazole) of four or five animals each were selected for farm 1 and farm 2, respectively. Animals were treated with 8.0 mg/kg levamisole administered orally (Nilverm; Coopers Animal Health), 10 mg/kg fenbendazole administered orally (Fenben 10%; Nova Laboratories Sdn Bhd), or 0.2 mg/kg ivermectin administered by subcutaneous injection (Biomectin 1%; Vétoquinol), according to their groups. Drug dose rates were calculated using the animals' individual weight estimates and the manufacturer's recommendations. No treatments were given to the control groups. The animals were re-examined and sampled 13 or 14 days later and post-treatment FECs were undertaken. Anthelmintic efficacy was evaluated based upon the faecal egg count reduction test (FECRT) method described by Coles et al. (1992 Coles et al. ( , 2006 . Pre-treatment faecal samples from each farm were pooled, whereas post-treatment samples were pooled according to their treatment groups. L 3 coprocultures (MAFF 1986 ) were incubated at room temperature (about 24°C) for 7 days. L 3 were extracted from the cultures by Baermannisation and 100-150 were examined microscopically and identified to genus level using microscopic keys (van Wyk and Mayhew 2013).
Statistical analysis
Statistical parameters used in the estimation of drug efficacy were calculated as below based upon formulae outlined in the appendix to the WAAVP guidelines described by Coles et al. (1992) .
i denotes the group, which may be treatment (t) or control (c). n i denotes the number of animals sampled in the group. j denotes each sheep in the group, S 2 i denotes the variance on the arithmetic scale.
Our interpretation of the results with regards to defining anthelmintic inefficacy, putatively due to drug resistance, was based on the criteria of: < 95% reduction in FEC; and the 95% confidence interval (CI) of the reduction in FEC < 90%. If only one criterion was met, low efficacy was suspected, but not proven.
Results
The adult goats on farm 1 and farm 2 had mean pre-treatment trichostrongyle FECs of 842 and 2750 epg, respectively. The mean pre-treatment body condition scores of the adult goats on farm 1 and farm 2 were 3.2 and 2.5 (based on a scoring system of 1.0 [thin] to 5.0 [fat]), respectively, while the mean pre-treatment FAMACHA© scores were 4.5 and 4.6 (based on a scoring system of 1 [healthy pink] to 5 [severely anaemic]), respectively. The pre-and post-treatment body weights, body condition scores, FAMACHA© scores and FECs of the individual animals that were subsequently allocated to different treatment groups are shown in Table 2 .
The results of the FECRTs show benzimidazole inefficacy on both farms, ivermectin inefficacy on farm 1 (ivermectin efficacy was not tested on farm 2), and suspected low efficacy of levamisole on both farms (Table 3 ). The coprocultures (Table 4) showed benzimidazole and ivermectin inefficacy on farm 1 to be predominantly in Haemonchus spp.. Survival of Trichostrongylus spp. following drug treatment was noteworthy, but did not confirm drug inefficacy due to the small numbers present in the control group. Coprocultures from farm 2 did not yield sufficient larvae to evaluate the responses to drug treatment at nematode genus level.
Discussion
The moderate to high pre-treatment FECs of the adult goats and control group larval coproculture results on both study farms, in conjunction with high FAMACHA© scores, indicate the presence of significant and, or, longstanding H. contortus burdens. The lower proportions of Trichostrongylus spp. and Oesophagostamum spp. are consistent with previous reports of parasitic nematode co-infections on Malaysian goat farms Basripuzi et al. 2012) . The identification of these parasitic nematode burdens, despite housing in raised, slatted-floor sheds, and cut-and-carry feeding with Guinea and, or, Napier grass, is intriguing (Hood 2004; Chandrawathani and Nurulaini 2012) . Nematode egg development and larval survival on slatted floors is unlikely, while the physical nature of the long grasses would not normally be conducive towards high levels of infective larval contamination. Drinking water was sourced from the roof of the buildings, so would also be an unlikely source of infective larval contamination. The possibilities of periodic breakdowns in the management systems allowing animals to be exposed to infective larval challenge at pasture, or contamination of the herbage by other grazing small ruminants, were strongly refuted by farm 1, but cannot be absolutely discounted. Hence, a plausible explanation for the situation on farm 1 might be that the parasite burdens of the adult goats were the result of cumulative low level challenge to non-immune animals arising from contamination of the lower leaves and stems of the long grasses with small numbers of infective larvae, combined with failure to remove burdens through routine anthelmintic drug treatments. The origins of the infective larvae may have been the development of trichostongyle eggs in dung from the study adult goats being used as manure in the areas where cut-and-carry herbage was grown (Basripuzi et al. 2013) , albeit this concept was refuted.
This explanation is unproven, nevertheless merits further study with the aim of identifying potential targets for sustainable nematode control in housed Malaysian goat herds. The higher pre-treatment nematode burdens in goats on farm 2 might represent survivors of anthelmintic drug treatment at housing, 2 months before the start of the study. The determination of anthelmintic efficacy by the feacal egg count reduction test is usually based on the comparison of the mean pre-and post-treatment FECs of ten animals for each drug group tested (Coles et al. 2006 ). In the current study, Table 3 Faecal egg count reductions for the trial groups on farm 1 (control, post-levamisole, post-fenbendazole and post-ivermectin treatments) and on farm 2 (control, post-levamisole and post-fenbendazole treatments) Fenbendazole** 0 0 0 0 *The cultures for both levamisole groups yielded less than 40 larvae for identification **The culture for the fenbendazole group from farm 2 yielded no larvae the herd sizes meant that there were too few animals with pretreatment FECs > 250 epg to allow for each anthelmintic group to be tested in this manner, hence drug efficacy was estimated by comparing post-treatment FECs with those of untreated control animals (Coles et al. 1992) . The results for all groups have a high standard deviations for mean FECs and wide 95% CIs for reduction in FECs, because the trial group sizes were smaller than those that are recommended (Coles et al. 1992) . Nevertheless, our results are indicative of resistance to benzimidazole and macrocyclic lactone drugs on farm 1 and to benzimidazole drugs on farm 2, and suggest low efficacy of the imidazothazole drug, levamisole on both farms. These findings could potentially compromise effective control of parasitic nematodes on the two study farms, and are broader cause for concern with reference to the sustainability of goat farming (Kaplan and Vidyashankar 2012) . The identification of high parasite burdens and putative multiple anthelmintic resistance on Malaysian goat farms is not novel. Nevertheless, when considered in conjunction with farm husbandry management information, our results raise challenging questions about the sources of parasitic infection and genetic origins of anthelmintic resistance, which are relevant with regards to identifying sustainable nematode control practices. The diagnoses of drug inefficacy, despite histories of relatively infrequent drug treatments, raise questions about the parasite population genetic origins of anthelmintic resistance. Helminth parasites have large genomes, with large numbers of genes and high levels of polymorphism (Laing et al. 2013 ); hence, they will inevitably evolve in response to unfavourable conditions, afforded by exposure of parasitic stages to anthelmintic drugs. The rate of emergence of anthelmintic resistance may be increased by (i) failure to expose the parasites to therapeutic drug concentrations (Smith et al. 1999) ; (ii) selection of pre-existing resistant nematodes by affording them a competitive advantage over susceptible nematodes when the timing and frequency of treatments results in only a small proportion of the total parasite population being in a refuge from drug exposure, primarily as environmental stages (Michel 1985) ; and (iii) gene flow with introduced animals (Sargison et al. 2007 ).
The origins of multiple anthelmintic resistance mutations in parasitic nematodes in the two study farms are unclear. Exposure of goat parasitic nematodes to subtherapeutic concentrations of anthelmintics may arise due to rapid rates of host drug metabolism, physiological conditions such as lactation or poor body condition that reduce drug bioavailability, or reticular groove closure causing forestomach bypass (Silvestre et al. 2002; Lespine et al. 2012) . Further studies to explore the importance of resistance gene flow might involve sequencing genomic regions associated with resistance markers, for example the ß tubulin gene conferring benzimidazole resistance, in nematode populations from different Malaysian farms to identify common or unique single nucleotide polymorphisms that might be associated with gene flow from institutional farms, or multiple independent origins (Chaudhry et al. 2015) . If the life cycle of the nematode parasites in the study flocks involves infective larval challenge with cut-and-carry herbage grown on pastures onto which the dung of the housed, anthelmintic-treated goats is spread; this would represent a situation in which the size of the refugia population of drug-sensitive nematodes is small, compared to that of resistant survivors of drug treatment (van Wyk 2001) . This hypothesis is unproven, nevertheless merits further study to understand the sustainability of a common Malaysian system of goat production.
Our study has shown that improving production of goats on Malaysian farms will require changes to management in regards to gastrointestinal nematode control in the face of multiple anthelmintic resistance. The solutions are likely to be multifactorial, involving tackling the issues of appropriately responsible anthelmintic usage, development of nonchemical methods of worm control, good nutrition and good housing management. Research is needed to identify the impact and sustainability of these practices within the context of Malaysian goat production systems.
